Background. Large convective volumes are recommended for online haemodiafiltration (HDF) to maximize solute removal. There has been little systematic evaluation of factors that determine convective volumes in routine clinical practice. Methods. In the present study, potential patient-and treatment-related determinants of convective volume were analysed in 235 consecutive patients on post-dilution HDF using multivariable linear regression models. All patients (age 64 ± 14 years; 61% male) participated in the ongoing CONvective TRAnsport STudy (CONTRAST). Additionally, differences in convective volumes between dialysers were evaluated. Results. The mean convective volume was 19.4 ± 4.0 L (±SD) per treatment, with a large variation between the participating centres (centre means ranging from 13.4 ± 0.9 L to 24.5 ± 0.12 L, ± SE). The mean filtration fraction of the blood flow was 25.9 ± 3.6. In the multivariable analysis, factors that were significantly related to convective volume were haematocrit [inversely, regression coefficient (B) = −1.4 ± 0.4 L per 10%], serum albumin (positively, B = 1.0 ± 0.4 L per 10 g/L), blood flow rate (positively, B = 0.4 ± 0.04 L per 10 mL/min) and treatment time (positively, B = 5.1 ± 0.4 L/h). In addition, significant differences between dialysers were observed, likely explained by different operational conditions. Conclusions. Apart from increasing the treatment time and blood flow rate, convective volumes could be optimized by increasing the filtration fraction in each individual, provided that transmembrane pressures are well within safe limits. The precise role of dialyser characteristics on maximal achievable convective volumes in clinical practice is a topic for further research.
Introduction
During haemodiafiltration (HDF), diffusive and convective transport is combined to maximize the removal of uraemic toxins. The addition of convective transport leads to enhanced clearance of middle molecular weight (MMW) uraemic toxins. This has been shown most extensively for beta-2-microglobulin (ß2m), an established MMW marker molecule with a molecular weight of 11.8 kDa [1] [2] [3] [4] . Since ß2m and other MMW uraemic substances have been related to the extremely high cardiovascular mortality and morbidity in patients with end-stage renal disease [5, 6] , it has been proposed that increased convective transport improves clinical outcome. In fact, HDF has been associated with improved survival in some observational studies [7] [8] [9] .
High convective volumes have been recommended to maximize MMW solute removal during HDF [10] . Indeed, a positive relationship between the convective volume and the ß2m reduction ratio during post-dilution HDF has been shown [1, 2] . Moreover, in the DOPPS study, highefficiency HDF (arbitrarily defined as infusion volumes 15-24 L per treatment) appeared to be related to an improved survival, whereas low-efficiency HDF (infusion volume <15 L per treatment) did not [7] .
There is currently limited information available concerning the factors that determine maximal convective volumes in post-dilution HDF in routine clinical practice. Obvious factors include treatment time and dialyser blood flow rate [11] . Apart from that, haemoconcentration within the dialyser leads to high hydraulic and transmembrane pressures and has been recognized as a limiting factor for total convective volumes [12] . Accordingly, a recent study showed a clear inverse relationship between haematocrit levels and the ratio of the total convective volume to treated blood volume [13] . However, a systematic evaluation of these and other patient-and treatment-related factors on achieved convective volumes in routine clinical practice have not yet been performed.
The CONvective TRAnsport STudy (CONTRAST) is an ongoing randomized controlled clinical trial comparing online (post-dilution) HDF with low-flux (HD) on all-cause mortality and cardiovascular events [14] . As patient and dialysis characteristics are prospectively collected in CON-TRAST, this study offers the unique opportunity to identify the determinants of convective volume in clinical practice. We especially aimed to recognize modifiable factors in an effort to optimize HDF treatment.
Patients and methods

Patients
In the present study, we included 256 consecutive HDF patients from 26 dialysis centres (24 Dutch centres, 1 Norwegian and 1 Canadian centre) who were enrolled in the CONvective TRAnsport STudy (CONTRAST, ISRCTN38365125) and had completed 6 months of follow-up. Patient and dialysis characteristics at the 6-month visit were used for the present analyses. Twenty-one patients were not treated with HDF at the 6-month study visit because of vascular access problems (5 patients), unavailability of substitution fluids (3 patients) or other reasons (13 patients). Analyses were therefore restricted to 235 patients.
Before randomization in the CONTRAST trial, all patients were treated with low-flux HD (two or three times per week, for at least 2 months) with a minimum dialysis urea Kt/V ≥1.15 and age ≥18 years. Main exclusion criteria were (1) treatment with high-flux HD or haemo(dia)filtration in the preceding 6 months, (2) severe incompliance and (3) life expectancy <3 months due to non-renal disease. The study was conducted in accordance with the Declaration of Helsinki and good clinical practice guidelines and was approved by the institutional review board of each participating centre. Written informed consent was obtained from all patients prior to randomization.
HDF prescription
Online HDF was performed in the post-dilution mode, using one of the dialysers as summarized in Table 1 . The target convective volume was arbitrarily set at 6 L/h (or 100 mL/min). According to the CONTRAST protocol, the filtration fraction should not exceed 33%. The operator's user manual of the FX-class dialysers (Fresenius Medical Care, Bad Homburg, Germany) recommends that 25% of the blood flow should be the maximum substitution flow. The manual of the Polyflux dialysers (Gambro Corporation, Lund, Sweden) does not give specific advice on maximum filtration fraction.
Treatment times were fixed at baseline and could only be increased if the dialysis urea spKt/V were below 1.2. Sterile and non-pyrogenic substitution fluids were produced by ultrafiltration of the ultrapure dialysate. Ultrapure quality was defined as bacterial counts <0.1 colony forming unit per mL (CFU/mL) and endotoxin levels <0.025 endotoxin units per mL (EU/mL). The microbiological water quality of the dialysis fluid was regularly monitored. Anticoagulation was performed with low molecular weight heparin before treatment. All routine patient care, e.g. metabolic control, was performed according to the guidelines of the Quality of Care Committee of the Dutch Federation of Nephrology. The following dialysis systems were used for online HDF: 4008/5008 ONLINE (Fresenius), AK 100/200 ULTRA (Gambro) and DBB05 (Nikkiso, Tokyo, Japan) dialysis systems. At the time of analysis, the dialysis frequency of the patients was two times per week in 6.4% (n = 15), three times per week in 93% (n = 218), four times per week in 0.4% (n = 1) and six times per week in 0.4% (n = 1).
Data collection
Demographical data and data on medical history, including diabetic state, previous cardiovascular disease (CVD), vascular access and time on renal replacement therapy (RRT) were collected at the CONTRAST baseline study visit. All other data were collected at the 6-month study visit, including blood pressure level, body mass index (BMI) and various parameters of dialysis adequacy and prescription (treatment time, blood flow rate, intradialytic weight loss and infusion volume). Blood samples were collected before the start of a dialysis session for determination of haemoglobin, haematocrit, thrombocytes and serum albumin. All laboratory assessments were analysed in the laboratories of the participating centers by standard laboratory techniques.
The infusion volume (L per treatment) represents the amount of substitution fluid infused directly downstream of the dialyser (post-dilution). The convective volume (L per treatment) was calculated by the sum of the intradialytic weight loss and the infusion volume per treatment and reported as the mean value of three consecutive dialysis treatments (i.e. 3 different days). The convective flow rate represents the convective volume per minute (mL per min). The filtration fraction (FF in%) is defined as the ratio between the convective flow rate and the dialyser blood flow rate. High-efficiency HDF was defined as a total infusion volume of ≥15 L per treatment [7] . Blood pressure (BP, in mmHg) was registered both as pre-dialysis systolic BP (SBP) and diastolic BP (DBP) and as the mean of pre-and post-dialysis values of 3 consecutive dialysis days. The reported blood flow rates represent the flow rates as displayed by the dialysis machines. Body mass index (BMI) was calculated by weight (kg) divided by the square of height (m 2 ).
Data analysis
Data were reported as proportions or as means with standard deviation (SD) or standard errors (SE) when appropriate. To study the independent relationship of each variable with convective volume, we used multivariable linear regression analysis. We entered all patient-and dialysis-related variables in a multivariable model that showed a univariable relationship with the convective volume using a cut-off P-value <0. 15 . In addition, haematocrit, blood flow rate and treatment time were entered in the multivariable model up front. The multivariable model was adjusted for dialyser type and dialysis machine, to correct for possible differences between dialysers, dialysis-operating procedures and centre effects.
In a separate analysis, differences between dialysers were evaluated. Mean values of all characteristics that were significant in the multivariate regression model were reported for each dialyser category. Convective volumes were reported both unadjusted and after multivariable adjustment. Results were considered statistically significant when P < 0.05 (twotailed). We used the SPSS software for all analyses (version 16.0.1; SPSS Inc. Headquarters, Chicago, Illinois, USA).
Results
The mean age of the patients was 64 ± 14 years, and 61% were male ( Table 2 ). The mean convective volume was 19.4 ± 4.0 L (±SD) per treatment (range 6.7-28.2 L) and the mean filtration fraction was 25.9 ± 3.6% (range 11.2-36.8%). The blood flow rate was 333 ± 44 mL/min. Seventy-eight percent of the patients were treated with highefficiency HDF defined as infusion volumes ≥15 L (i.e. convective volume ≥ 17 L, assuming mean intradialytic weight loss of 2 L). The pre-defined target convective volume of ≥6 L/h was reached in 43 of the 235 patients (18%). These 43 patients had lower haematocrit levels [37 ± 0.3 versus 34 ± 0.6% (± SE, P < 0.001) in the remaining patients], higher albumin levels (38 ± 0.5 versus 36 ± 0.3 g/L, P = 0.002) and were treated with higher blood flow rates (384 ± 5 mL/min versus 322 ± 3, P < 0.001). In 10 of the 26 centres, the target convective volume of ≥6 L/h was reached in none of the patients. In two centres, the target was reached in all patients. Centre means of convective volume ranged from 13.4 ± 0.9 L to 24.5 ± 0.12 L (±SE) per treatment (Figure 1 ). a UF coefficients as given by the manufacturer, measured in vitro at 37 • C with bovine blood (Ht = 32% and protein = 60 g/L). To convert haemoglobin from mmol/L to g/dL multiply by 1.61. To convert albumin from g/L to d/dL divide by 10. 
Patient-related factors
In the univariable analysis, male sex, body mass index, serum albumin, haemoglobin and haematocrit were related to the convective volume. Age, a history of cardiovascular disease, diabetic state, dialysis vintage, blood pressure (either measured as pre-dialysis DBP and SBP or as the average of pre-and post-dialysis values), vascular access and thrombocyte levels did not show an association with the convective volume (Table 3 ). In the multivariable analysis, serum albumin was positively and haematocrit was inversely related to the convective volume. Male sex and BMI were no longer significant in the multivariable model. In Figures 2 and 3 , the relationships between albumin and haematocrit with the convective volume are depicted after multivariable adjustments.
Treatment-related factors
Blood flow rate [B = 0.04 L per mL/min (95% CI 0.03-0.05, P < 0.001)] and treatment time [B = 0.09 L per min (95% CI 0.07-0.10, P < 0.001)] were positively related to the convective volume in the multivariable model (Table 3) . ≥36 -<39 ≥39 Fig. 2 . Relationship between haematocrit and convective volume, adjusted for dialysis system, type of dialyser, serum albumin, blood flow rate and treatment time. Haematocrit levels in tertiles, bars represent SE. § versus 2nd tertile: P = 0.002; versus 3rd tertile: P < 0.001.
In Table 4 , the different prescribed dialysers are compared. FX80 dialysers were prescribed in 24% of the patients, FX100 dialysers in 20%, and Polyflux 170H and 210H dialysers in 20% and 33%, respectively. Optiflux F 200NR dialysers were prescribed in 7% of the patients, all from one single centre. Three patients (1%) used alternative dialysers and were excluded from the multivariable analyses. Haematocrit and serum albumin levels, treatment times, blood flow rates and convective volumes were all different between the dialysers (Table 4) . When dialysers of similar materials were compared (FX100 versus FX80 and Polyflux 210H versus Polyflux 170H), blood flow rates were significantly higher in the patients treated with the largest dialysers (i.e. FX100 and Polyflux 210H). However, after multivariable adjustment (including adjustment for blood flow rate), convective volumes were not significantly dif- ferent between FX100 and FX80 dialysers and between Polyflux 210H and Polyflux 170H dialysers ( Table 4 ). The highest convective volumes were achieved in the patients using Optiflux F 200NR dialysers (all from one centre). In these patients, the haematocrit level was significantly lower (33 ± 1.0% versus 37 ± 4.2%, P < 0.002) and the filtration fraction was higher (29.9 ± 0.6% versus 25.5 ± 0.2%, P < 0.001) in comparison with patients using other dialysers.
Discussion
To the best of our knowledge, the present study is the first in which patient-and treatment-related determinants of convective volume were systemically evaluated in a large group of patients on post-dilution HDF in clinical practice. We observed higher convective volumes in patients with low haematocrit and/or high serum albumin levels. Dialysis treatment time and blood flow rate were identified as treatment-related determinants of the convective volume. Apart from that, we found considerable differences in convective volume between centres, which could only partly be explained by patient or treatment characteristics. The mean convective volume of 19.4 ± 4.0 L per treatment in the present study is comparable to the 18 to 23 L achieved in most other studies in patients on post-dilution HDF [1, 3, 9, 13] . In few small studies, post-dilution infusion volumes up to 30 L per treatment have been reported [4, 15] . In these studies, especially mean blood flow rates were much higher (400 mL/min) as compared to 333 mL/min in the present study. At the time of the conception of the study, it was unclear which amount of convective volume could be considered adequate or sufficient. The target volume was arbitrarily set at 6 L/h. More recently, the DOPPS data became available, indicating that volumes of ∼17 L per session (15 L infusion + 2 L net weight loss) and higher were associated with survival benefit [7] . To date, these are still the only data relating volume to clinical outcome. The pre-defined treatment target of 6 L/h was achieved in only 18% of the patients. However, 78% of the patients were treated with volumes of 17 L per session and higher.
Patient-related factors
Blood viscosity has been recognized as an important limiting factor of convective transport [12] . Post-dialyser haematocrit values rise up to 54% during treatment [16] , which together with a comparable rise in plasma protein levels may reduce the hydraulic permeability of the dialyser. As a consequence, the resistance to flow in the dialyser will increase, and eventually, clotting of dialyser fibres may occur [17] . In line with this notion, we and others [13] found an inverse relationship between the pre-dialysis haematocrit level and convective volume. The optimal haematocrit level for dialysis patients remains to be established, but for postdilution HDF values should not exceed treatment targets. In the present study, 52% of the patients had haemoglobin levels above the current KDOQI target of 7.4 mmol/L (12 g/dL), which may have contributed to suboptimal convective volumes.
Serum albumin was positively related to the convective volume, although its contribution was limited (1 L per treatment increase of convective volume per 10 g/L albumin, Table 3 ). It is likely that higher colloid osmotic pressures in patients with high serum albumin levels enhance plasma refill rates, thus allowing more convective transport [18] . Alternatively, increased platelet aggregation [19] or reduced red cell deformability [20] in patients with hypoalbuminaemia may limit the convective volume. On the other hand, high protein levels may decrease membrane permeability by increasing the thickness of the protein layer on the membrane [17] . However, total protein levels were not measured in this study. Likely, the beneficial effects of high albumin on the convective volume are the result of opposite factors. It is therefore unclear whether albumin levels higher than the range in this study would still be beneficial. Nevertheless, paying attention to the nutritional and inflammatory state in patients with low albumin levels may contribute to high convective volumes and may, more importantly, improve clinical outcome [21] .
Treatment-related factors
Apart from treatment time and blood flow rate, the dialyser type was related to the convective volume, also after multivariable adjustments. However, the present study was not designed to investigate differences between dialysers. A reliable comparison between dialysers can only be made in relation to the applied transmembrane pressure. Since transmembrane pressures were not assessed, it is unknown whether maximal tolerable and safe transmembrane pressures were applied in all patients. In contrast, the large differences in convective volumes between centres suggested that HDF was not performed at maximal transmembrane pressures in several centres. Nevertheless, it can be hypothesized that the design of the dialyser plays a role on maximal achievable convective volumes. Dialyser characteristics such as fibre length or fibre diameter have substantial effects on the pressure profile [22] [23] [24] , which could influence maximal convective transport. In addition, the membrane type may have an effect on the water permeability. Recently, it has been shown that almost similar synthetic high-flux dialysers may be different in terms of middle molecule removal and solute trapping [25] . Finally, a large surface area may allow higher blood flow rates and could therefore be beneficial to optimize exchange volumes. The precise role of the above-mentioned dialyser characteristics in clinical practice needs further evaluation.
The user manual of some manufacturers recommends that the filtration fraction should not exceed 25%. However, the present study demonstrates that higher filtration fractions are tolerated in many patients. For example, the mean filtration fraction in the Canadian centre was 30%. It should be noted that an increase of the filtration fraction from 25% to 30% has substantial effects on the total convective volume. During a regular HDF session (treatment time 4 h, blood flow rate 350 mL/min), a 5% increase of the filtration fraction leads to an increase of the convective volume of 4.2 L.
To improve convective volumes in post-dilution HDF in clinical practice, the treatment time and blood flow rate should be increased first if possible. Then, the filtration fraction should be increased within the limits of safe transmembrane pressures, taking into account haematocrit and protein levels and possibly also dialyser characteristics.
Limitations and strengths
All patients participated in a randomized trial and satisfied predefined inclusion criteria, which may have limited the generalizability of the results. On the other hand, the inclusion criteria were meant to include the average chronic HD patient, and all patients were randomly allocated to HDF treatment. Furthermore, the data for this study were not specifically collected to investigate determinants of convective volume. For example, the indication to prescribe a certain dialyser to a patient was unknown. It is possible that larger dialysers were more often prescribed for patients with lower convective volumes in an effort to improve treatment. Moreover, transmembrane pressures were not assessed, limiting the possibilities to compare different dialysers. Effects of dialyser characteristics on convective volumes should be evaluated in specifically designed prospective studies. Finally, it should be noted that the definition of filtration fraction (i.e. filtered fraction of the blood flow) as frequently used in clinical practice is theoretically incorrect, since it does not take into account differences in haematocrit level. Ideally, the fraction of the plasma flow should be used instead. However, this is not very practical in everyday clinical practice. The strengths of this study were the large number of patients, allowing for multivariable comparisons, and the prospective and standardized data collection.
Optimizing convective volumes may be of clinical relevance and has been recommended by the European Best Practice Guidelines [10] . Moreover, data from DOPPS suggest that infusion volumes should be at least 15 L per treatment in order to improve clinical outcomes with online HDF [7] . Whether the differences within the observed range of convective volumes in the present study are of any clinical relevance is currently unknown. The CONTRAST study may provide data to answer that question.
Conclusion
The present study suggests that a sufficient treatment time and/or blood flow rate are a prerequisite to achieve convective volumes that are presently considered adequate [7] . In addition, attention should be paid to current haemoglobin treatment targets and the nutritional and inflammatory state, since convective volumes may be attenuated by high haematocrit or low albumin levels. The precise role of dialyser characteristics on maximal achievable convective volumes is a topic for further research. The data suggest that within the haematocrit range of this study, which represents everyday clinical practice, filtration fraction could be higher than recommended by some of the manufacturers. As minor changes of the filtration fraction have substantial effects on the total convective volume, the maximal tolerable filtration fraction for each individual patient should be assessed for treatment optimalization.
